We demonstrate that electrocoagulation (EC) using iron electrodes can reduce arsenic 12 below 10 µg/L in synthetic Bangladesh groundwater and in real groundwater from 13
removal capacity (μg-As removed/coulomb) and treatment time and is the appropriate 22 parameter to maintain performance when scaling to different active areas and volumes. 23
We estimate the operating costs of EC treatment in Bangladesh groundwater to be 24 $0.22/m 3 . Waste sludge (~ 80 -120 mg/L), when tested with the Toxic Characteristic 25 Leachate Protocol (TCLP), is characterized as non-hazardous. While our focus is on 26 developing a practical device, our results suggest that As[III] is mostly oxidized via a 27 chemical pathway and does not rely on processes occurring at the anode. Hungary, Vietnam, Cambodia, West Bengal (India), and Bangladesh. [1, 2] In Bangladesh 37 and West Bengal, 63 million people are exposed to arsenic levels that range up to 3200 38 µg/L, [3] well in excess of the 10 µg/L maximum contaminant level (MCL) recommended difficult and prohibitively expensive for the local population. 44 45 Electrocoagulation (EC) is a method of treating polluted water and wastewater for 46 numerous contaminants, [6] [7] [8] [9] including arsenic. [10] [11] [12] [13] [14] In EC using iron electrodes, 47 electrolytic oxidation of a sacrificial iron anode produces hydrous ferric oxide (HFO; also 48 called Fe[III] precipitates) in contaminated water. Contaminants form surface complexes 49 on HFO, which then aggregate to form a floc that can be separated from water. For a 50 constant operating current, I [mA] , and assuming that iron is the only electrochemically 51 active species, the concentration of iron generated in solution, [Fe] [mg/L], is related to 52 the total charge loading, q [C/L] (i.e. the total charge passed through solution by the 53 current), by Faraday's law, [Fe] = q M/nF where M [mg/mol] is the molecular weight of 54 iron, F [C/mol] is Faraday's constant, and n is the number of moles of electrons/mole of 55 iron (n = 2 assumed here, following [15] ). The charge loading q is related to the active 56 Earlier studies of EC arsenic removal were performed in Indian domestic municipal tap 87 water, [10] synthetic industrial wastewater, [12] and various salt solutions. [24, 25] Few 88 published studies exist on EC performance in real groundwater [11] and few compare the 89 performance of EC in lab experiments to field treatment of real groundwater of South 90
Asia where the arsenic contamination problem is the most severe. Studies of Fe 91 hydrolysis in the presence of phosphate, silicate, and arsenate report that these ions 92 influence the growth and structure of Fe precipitates [26] [27] [28] and can also compete for 93 sorption sites. The growth and aggregation of Fe precipitates is highly relevant to the cost 94 and complexity of separating Fe precipitates from water, as smaller colloidal particles are 95 generally more difficult to remove. The rate and extent of As[III] oxidation may also be 96 affected by groundwater composition. Therefore, to assess the practicality and relevance 97 of EC as a possible technology to address the arsenic crisis, it is critically important to 98 investigate EC performance in real or synthetic South Asian groundwater. 99 100 In this study, EC is found to lower arsenic concentrations to levels below the WHO-MCL 101 in synthetic groundwater representative in composition to the contaminated groundwater 102 of Bangladesh, and in real groundwater samples from Bangladesh and Cambodia. 8 1). Aliquots were filtered through 0.1 µm (absolute) pore size membranes or allowed to 146 settle. Electrodes were rinsed in 12.6% HCl solution and washed with DI water before 147 each test. 148 149 A bench-scale continuous flow reactor consisted of a plastic cylinder (active volume 1.6 150 L, active electrode area-to-volume 0.641 cm -1 ) with water-tight endplates, and with 151 water-tight inlet and outlet hose attachments at either end. A gate valve attached to the 152 outlet hose controlled the flow rate. Two flexible carbon steel sheets (0.05 mm thick) 153 sandwiching a plastic mesh (2.5 mm thick strands making squares 2.54 cm to the side) 154 were rolled into a spiral similar to a sushi roll (A = 1040 cm 2 , d = 2.5 mm). A 155 galvonostatic current I of 1.1 A was provided with a 12V car battery and a small off-the-156 shelf circuit (3021/3023 BuckPuck by LuxDrive). Flow rate was 2.2 to 4.4 mL/s based on 157 the desired total charge loading. Aliquots were vacuum filtered using 0.1 µm (absolute) 158 pore size membranes (Bangladesh tests), or gravity filtered using 11 µm pore size filters 159 (Cambodia tests) when no vacuum system was available. 160 161 A 100L batch reactor for field trials comprises a cylindrical tank for dosing and mixing 162 connected to a sedimentation tank for coagulant addition and solid/solution separation. 163
The electrode assembly comprises 10 parallel interdigited 30.5cm x 58.4cm (12in x 23in) 164 mild-steel plates (5 anode and 5 cathode) spaced 3cm apart with alternate plates 165 electrically connected. The configuration allows for easy reversal of current, allowing 166 each plate to be alternately deployed as anode and cathode to minimize extensive rust 9 build up and passivation. The electrode assembly rests on a perforated non-conducting 168 base plate. A DC motor attached to a small impeller continuously pushes water under the 169 base plate and through the perforations up between the electrode plates. The voltage 170 across the electrodes was < 3V when operated at I = 4.5 A (dq/dt = 2.7 C/L/min). After 171 dosing the suspension is moved to a settling tank and Aluminum Sulfate 172 (Al 2 (SO 4 ) 3 ⋅16H 2 O) is added up to 5 ppm as Al and rapidly mixed for 5 min, slowly mixed 173 for 9 min, and slightly agitated for 16 min before being allowed to settle. concentrations 80 -750 µg/L; average regional water composition in Table 1 ). Water 200 was collected from each well after approximately 5 minutes of continuous pumping (to 201 avoid bacterial contamination and oxygenated water in the well head) and stored in 202 tightly capped polyethylene bottles filled to the brim. Sample bottles were stored in a 203 cool, dark place (to avoid algae growth and photo-oxidation) for 5 -32 days before 204 treatment. 205 206 Immediate treatment (i.e. without storage) is preferable to avoid precipitation of naturally 207 occurring iron, which can remove some amount of arsenic, phosphate, and other ions 208 through adsorption and settling. As[III] can also oxidize to As[V] during storage. [30] 209 However, immediate treatment was not possible given logistical constraints. During 210 storage the pH of BGW increased by 0.1 (average), dissolved oxygen increased by 1.1 211 mg/L (average), and aqueous arsenic decreased by 15 -72% (40% on average based on 212 the Arsenic Quick Test). For CGW, aqueous arsenic decreased by 30% (average) based 213 on the Arsenic Quick Test. Initial arsenic concentrations reported in this paper are those 214 measured immediately before treatment. To explore the arsenic removal potential of pre-synthesized HFO adsorbent (ps-HFO; i.e. 229 12 in arsenic-free SBGW, matching the conditions of experiment S-5.0 in Table 2 . 231 Concentrated As[III] and As[V] stock solutions were added in small volumes (< 0.02% 232 of the active volume) to match SBGW either (a) immediately after electrolysis (fresh ps-233 HFO), or (b) 60 minutes after electrolysis (aged ps-HFO). Solutions were stirred for an 234 additional 60 min following arsenic contact and filtered before arsenic analysis. 235
236
Both the batch and continuous flow reactor were used to remediate BGW and CGW 237 samples at various operating conditions (SI Table SI EC reduced initial arsenic concentrations of 90 -3000 µg/L to less than the WHO-MCL 256 of 10 µg/L in SBGW containing 50% As[V] and 50% As[III] ( Fig.1 ). Post-treatment pH 257 was 6.7 -8.1 (0 to 0.8 pH units above the pre-treatment pH). No detectable iron (< 1 258 µg/L) remained in solution after filtration. This suggests that EC-treated water will be in 259 a potable pH range. The treated water would taste the same as, or possibly better than, the 260 source water because naturally occurring iron, often associated with an objectionable 261 taste, will also be removed. 262 263 For all initial arsenic concentrations, the removal efficiency (defined as the mass of 264 arsenic removed per unit charge loading or equivalently, unit Fe[II] mass), was initially 265 high followed by a gradual decrease, consistent with behavior in other water matrices. [10, 266 24, 31] As arsenic is removed from solution and HFO is continuously added due to anode 267 dissolution, the ratio of As/HFO decreases. As the aqueous concentration drops, so does 268 the maximum loading of arsenic per mg of HFO in equilibrium. Simultaneously, as HFO 269 ages in solution it may aggregate, reducing available surface area and adsorption sites. Ignoring the steep dependence of arsenic removal efficiency on initial arsenic 281 concentration can lead to serious error in estimating the minimum charge loading 282 required to reach the WHO-MCL, q min ,. For example, q min is 300 C/L for [As] initial of 3000 283 µg/L ( Fig.1 ). It would be erroneous to assume however that half, i.e. 150 C/L is enough 284 to remediate a sample with half [As] initial , of 1500 µg/L. From experiment, 150 C/L was 285 adequate to remediate a sample with 600 µg/L and insufficient to remediate a sample 286 with 1500 µg/L ( Fig.1 ). Arsenic removal efficiency is a poor metric to estimate the 287 required charge loading without prior knowledge of [As] initial . Also note the additional 288 non-linearities in data shown in Figure 1 5.0,10 mA/cm 2 , dq/dt = 0.060, 2.2, 10, 18 C/L/min respectively and q min = 175 C/L for J = 308 10, 30, 100 mA/cm 2 , dq/dt = 18 C/L/min), noting that Δq min for dq/dt = 10 and 18 309 C/L/min is within experimental error and cannot properly be distinguished (Table 2) . 310
These trends suggest dosage rate has more control than current density over both key 311 performance parameters t e_min and q min . For verification, an additional batch test at J = 1.1 312 mA/cm 2 , dq/dt = 0.060 C/L/min was conducted under identical conditions as those above using (1) the same current density but different dosage rate (J = 1.1 mA/cm 2 , dq/dt = 2.2 314 C/L/min) and (2) the same dosage rate but different current density (J = 0.02 mA/cm 2 , 315 dq/dt = 0.060 mg/L/min). In both cases, t e_min and q min correlate strongly with dosage rate 316 but not current density (SI Fig.SI-2) . We reduced the active electrode area (and hence the 317 ratio of active area to treatment volume, A/V) by a factor of 10 to adjust current density 318 from J = 10 -100 mA/cm 2 ( takes less time to reach a smaller charge loading (C/L) at a constant dosage rate, the 338 effect of decreasing dosage rate simultaneously results in a longer net time (i.e. even 339 though q min is lower, it takes longer to reach it). Thus lower dosage rates require a lower 340 q min at the cost of a larger t e_min . Over the tested range of dosage rates, q min can be reduced 341 6-fold, but only with a corresponding increase in t e_min of 40-fold. This trade-off has 342 important implications in the design of a practical EC reactor, however further discussion 343 is outside the scope of this paper. 344
345
The effect of dosage rate on t e_min is contrary to prior published research identifying 346 current density as the key variable controlling minimum treatment time. [ [35] and [15] ), fresh-ps-HFO may still contain an appreciable amount of Fe[II] when it 385 comes into contact with arsenic, whereas in aged-ps-HFO, most of the Fe[II] will already 386 be oxidized to Fe[III]. In fresh-ps-HFO, more aqueous As[III] can be oxidized with 387
Fe[II], resulting in higher concentrations of As[V] which is more readily removed. In 388 addition, with aged-ps-HFO, arsenic removal plateaus after 20 minutes of contact, with 389 less than 5% total arsenic removal occurring between 20 -120 min (Fig.4) . Fresh-ps-390 HFO continues to remove arsenic at a decreasing rate (similar to regular EC behavior), 391 with 15% of total removal occurring between 20 -120 min. This is consistent with the 392 continued oxidation of Fe[II] in fresh-ps-HFO solution, continuing to oxidize and remove 393
As[III] while aged-ps-HFO has already reached a removal equilibrium. Aging of the 394 adsorbent may also reduce available adsorption sites due to aggregation of the HFO 395 particles. 396 aged-ps-HFO, 43% of the initial As[III] was aqueous (SI Table SI While not the focus of this work, it is useful to briefly discuss implications of these 409 results on the As[III] oxidation mechanism in EC. Some oxidation of As[III] during the 410 EC process has been verified by other researchers. [10, 13] However, the mechanism of 411 oxidation has not been settled and various alternative mechanisms have been proposed. 412
The substantial extent of As[III] removal by fresh-ps-HFO (in which no As[III] was 413 exposed to the anode) suggests that the majority of As[III] oxidation occurs through 414 chemical oxidation and not through any processes requiring the active anode, including 415 the anodic generation of chlorine sometimes suggested in the literature. [24] Several 416 researchers have reported As[III] oxidation in parallel to Fe[II] oxidation by dissolved 417 oxygen using a Fenton-type reaction pathway, [19, 37] a mechanism that does not require 418 exposure to an active electrode. This pathway has been shown to oxidize As[III] during 419 natural corrosion of zero-valent iron in groundwater, [19, 34] and a model assuming this 420 pathway as the only mechanism of As[III] oxidation in EC has been shown to agree well 421 with experiment. [38] In our view this is the most likely candidate for As [ West Bengal, India, operating at dq/dt = 2.7 C/L/min. Initial arsenic concentrations were 476 140, 84, and 59 µg/L for tubewells 1, 2, and 3 respectively. To create a more challenging 477 scenario, additional As[III] was added such that the initial concentrations were 343±26, 478 294±5, and 245±2 µg/L respectively. A total of 500L from tubewell 1, and 300L each 479 from tubewells 2, and 3 were remediated with charge loading 150 -455 C/L to final 480 arsenic concentrations < 12 µg/L, within experimental error of the WHO-MCL (Fig.6) . 481
For 350 C/L and above, all final concentrations were below 5 µg/L. Un-spiked tubewell 1 water was also remediated to a final arsenic concentration of 5 µg/L using 150 C/L (not 483 shown in Fig.6 ). Turbidity reached < 10 NTU after 60 -120 min settling and < 5 NTU 484 after 70 -220 min of settling. Current direction was reversed between each batch and no 485 passivation was observed. current among other factors. [40] These cost estimates use the 100L reactor configuration 519 which was shown to remediate real contaminated groundwater with initial concentrations 520 of ~ 300µg/L As[III] to levels below the WHO-MCL. In both real and SBGW water 521 matrices, the total cell voltage in the 100L prototype did not exceed 3.0V. The mixing 522 system operated at 13W during electrolysis with no optimization for energy consumption, 523 and at 13, 4.5, and 0.7W during alum coagulation for 5, 9, and 16 min respectively. These 524 values were used in estimates. 525
The required charge loading was taken to be the most conservative q min estimate from 527 field trials, 400 C/L. The input energy cost was assumed to be $0.10/kWh, the standard 528 retail tariff for grid power. We report several quantitative results for EC using iron electrodes to remediate arsenic-554 bearing groundwater. Our results are directly relevant to successful implementation and 555 scale-up of the technology for arsenic remediation of drinking water in South Asia. We 556 have verified that EC reduces initial arsenic concentrations of up to 3000µg/L to below 557 the WHO-MCL of 10µg/L in real and synthetic South Asian groundwaters over a large 558 range of current densities (0.02 -100 mA/cm 2 ) and charge dosage rates (0.060 -18 559 C/L/min). A very important practical finding is that the dosage rate, as opposed to current 560 density, is the appropriate parameter for scaling up EC reactor designs for acceptable 561 arsenic removal performance in realistic systems. We have identified slow settling rates 562 of arsenic bearing sludge as a key challenge of EC operating in realistic groundwater, and 563 also shown that alum at dosages of 5 mg/L (as Al) can drastically reduce the settling 564 (1) Errors on arsenic concentrations represent the larger of the standard deviation from 784
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repeated tests, ± 10% ICPMS measurement errors, and a minimum measurement error of 785 ± 1 µg/L. (2) q min is the minimum charge loading required to reach the WHO-MCL of 10 786 µg/L. The value is approximated from Figure 3 . 787
(3) Values approximated using data extrapolation from Figure 3 . Extrapolation was < 788 20% of the distance between the last 2 points and each extrapolated value is within 10 789 C/L of the largest experimental charge loading. 790
